Tight junctions are unique organelles in epithelial cells. They are localized to the apico-lateral region and essential for the epithelial cell transport functions. The paracellular transport process that occurs via tight junctions is extensively studied and is intricately regulated by various extracellular and intracellular signals. Fine regulation of this transport pathway is crucial for normal epithelial cell functions. Among factors that control tight junction permeability are ions and their transporters. However, this area of research is still in its infancy and much more needs to be learned about how these molecules regulate tight junction structure and functions. In this review we have attempted to compile literature on ion transporters and channels involved in the regulation of tight junctions.
Epithelial cells form highly polarized boundaries between biological compartments to regulate the movements of water, ions, and other solutes between them. Ion and solute transport across an epithelial cell layer can be either via transcellular or paracellular pathways. Crucial for the highly regulated and coordinated paracellular transport are tight junctions, which are continuous networks of interconnected parallel strands at the apical cell poles of adjacent cells. At these sites the membranes of neighboring cells appear to touch resembling kisses according to Diamond [1] (Fig. 1) . The two major functions of the tight junction are the gate and the fence function. The fence function serves to block the intramembrane diffusion of proteins and macromolecules between the apical and basolateral membrane domain while the gate function controls the paracellular pathway. In addition to these functions, recent studies indicate that tight junctions also act as scaffolding platforms for cell signaling as well as docking stations for transport vesicles [2, 3] . Dysregulation of the barrier function of epithelial as well of endothelial tight junctions occur in a variety of diseases e.g. chronic inflammatory diseases such as inflammatory bowel disease, multiple sclerosis and allergies, microbial infectious diseases, diabetes and its complications, and cancer [4] [5] [6] .
Tight junctions are dynamic structures with multi-protein complexes consisting of transmembrane proteins and peripheral membrane proteins. Scaffolding proteins link these proteins to the cytoskeleton, a crucial player in tight junction function [6] , while others are involved in signal transduction [2, 3] . The barrier properties of tight junctions can be altered either acutely or long-term by physiological and pathological factors. These factors include growth factors (EGF, HGF, VEGF, FGF, TGF-β), cytokines (TNF-α, various interleukins), hormones (glucocorticoids, estrogen, dihydrotestosterone, retinoic acid, C-type natriuretic peptide), drugs and nutrients [2, 5, 7, 8] . The pathways how these factors induce changes in tight junction permeability are diverse. Mechanisms include endocytosis of tight junction proteins, insertion of newly synthesized junctional proteins or altered protein-protein interactions. Post-translational modifications such as phosphorylation appear to be key in regulating these mechanisms. For example tyrosine kinases (src, c-yes), threonine/serine kinases (protein kinase C, protein kinase A, WNK4), phosphatases (protein phosphatase 2A), small GTPases (Rho family, Rabs) as to name a few, have all been described to be involved in phosphorylation of tight junction proteins [9, 10] .
Properties of the epithelial paracellular barrier include electrical resistance and solute permeability, which can be assessed via measurements of the transepithelial electrical resistance (TER), transepithelial ionic diffusion potentials and the diffusion of labeled charged or un-charged tracer molecules of various sizes [11] . TER measurements allow for assessing fast and continuous changes of the paracellular conductance. Appropriate control studies must be undertaken to distinguish between transcellular and paracellular contributions to the transepithelial resistance. Measurements of transepithelial ionic diffusion potentials can assess the ionic permselectivity of the tight junction pathway while measurements of diffusion of tracer molecules have the given advantage of being size selective. However, due to the duration of the latter assay, vesicular transcellular pathways such as endo-and exo-cytosis and transcytosis might be complicating factors, although the size selectivity of the permeability is generally regarded as proof of paracellular transport [12] . Nevertheless, using TER and tracer diffusion studies as complementary methods are a good measure for paracellular permeability.
Recent studies have shown that Na,K-ATPase, a P-type ATPase, is involved in the regulation of tight junction structure and function. In addition, other ion transporters and channels have been identified in having a function to modulate tight junction structure and paracellular permeability. The purpose of this article is to review these new developments and the emerging role of channels and transporters in tight junction function. 
Na,K-ATPase localizes to and regulates tight junction functions
The Na,K-ATPase catalyzes the ATP-dependent transport of three sodium ions out and two potassium ions into the cell per pump cycle, thereby generating the sodium as well as potassium gradients across the plasma membrane. The function of this enzyme is crucial to maintain intracellular homeostasis. The Na,K-ATPase is a heterodimer consisting of an α-and a β-subunit [13, 14] and an optional γ-subunit [15] . The α-subunit (∼ 112 kDa) is the catalytic subunit while both the β-subunit (50-60 kDa) and the γ-subunit (∼ 7 kDa) are modulators of Na,K-ATPase activity. While it is well known that the Na,K-ATPase is critical for the vectorial transport across epithelial cells, recent work indicates an additional role, namely in the formation of tight junctions and in the regulation of tight junction structure and permeability. Among all the ion transporters and channels, the Na,K-ATPase is the most studied as it relates to the regulation of tight junction structure and functions [16] .
Na,K-ATPase and tight junction formation
Studies by our laboratory have shown that the enzymatic function of the Na,K-ATPase is required for epithelial polarization that crucially depends on the formation of the tight junctions [17] . Using MDCK cells in a calcium switch as model system, two independent methods of Na,K-ATPase inhibition (ouabain and potassium depletion) have confirmed that the Na,K-ATPase enzymatic function is necessary for the formation of tight junctions. One of the proteins affected by Na,K-ATPase inhibition was RhoA, a small GTPase required for the formation of stress fibers [18] . Inhibition of Na,K-ATPase resulted in a reduced stress fiber content of the MDCK cells. The effect of Na,K-ATPase inhibition was to a large extent reversed by expressing exogenous wild type RhoA. As inhibition of Na,K-ATPase activity results in a concomitant increase in intracellular sodium, the observed results were mimicked by the sodium ionophore gramicidin [17] . Interestingly, increased glucose uptake via the Na + -glucose transporter SGLT-1 is accompanied by an increase in intracellular sodium and a decrease in TER (see below). It is tempting to speculate that changes in intracellular sodium concentration during epithelial polarization might affect the assembly of tight junctions.
At this time, the exact molecular mechanisms associated with Na,K-ATPase's role in tight junction formation remain elusive. As a first hypothesis, the Na,K-ATPase might function synergistically with the cell adhesion molecule E-cadherin in assembling the tight junction. E-cadherin is a Ca 2+ -dependent cell-cell adhesion molecule expressed in epithelial cells shown to be important for tight junction formation [19, 20] . In support of this hypothesis are the observations that restoration of E-cadherin expression alone or Na,K-ATPase β-subunit expression alone in Maloney sarcoma virus-transformed (MSV)-MDCK cells was not sufficient to induce an epithelial phenotype [21] . Instead, the exogenous expression of both E-cadherin and Na,K-ATPase β-subunit, together with the restoration of Na,K-ATPase activity and low intracellular sodium levels, were sufficient to induce functional tight junctions and epithelial polarity in this transformed cell line [21] . It is also important to note that Na,K-ATPase β-subunit itself can function as a cell-cell adhesion molecule [21] [22] [23] [24] [25] . While further experiments are necessary to investigate how the Na,K-ATPase affects the assembly of tight junctions, we suggest that the Na,K-ATPase is involved in the regulation of RhoA-mediated polymerization of actin. The active polymerization of actin may then provide the necessary force to mobilize tight junction strands at the apico-lateral region in order to establish functional tight junctions [16] .
Na,K-ATPase in established epithelial monolayers
The Na,K-ATPase evidently also plays a role in regulating tight junction permeability in established epithelial monolayers with functional tight junctions. Inhibition of Na,K-ATPase activity resulted in increased permeability to both ions and nonionic molecules in polarized primary cultures of human retinal pigment epithelial cells [26] and in the well-differentiated pancreatic ductal carcinoma cell line HPAF-II [27] . The associated changes in tight junction structure were evident only at the ultrastructural level with reduced numbers of kissing points and condensation of tight junction strands. While no change in the localization of tight junction proteins was observed at the light microscopy level, biochemical studies revealed the hyperphosphorylation of the tight junction protein occludin due to the inhibition of protein phosphatase 2A (PP2A) [27] . PP2A is a serine/threonine protein phosphatase known to be localized to tight junctions, to associate with and dephosphorylate occludin, and to regulate tight junction function in MDCK cells [28] . In contrast, in HPAF-II cells PP2A was not associated with occludin but rather co-immunoprecipitated with both, Na, K-ATPase α-and β-subunits [27] , that was also observed in human A549 cells expressing wild type rat Na,K-ATPase α-subunit [29] . Furthermore, immunoelectron microscopy revealed the Na,K-ATPase β-subunit at the apical junctional complex in addition to its described basolateral localization [27] . While additional experiments are necessary, we suggest that PP2A, occludin and Na,K-ATPase form a microdomain at the apical junctional complex that -via altering the phosphorylation status of occludin -regulates tight junction permeability depending on the cytoplasmic ionic milieu of cells.
Na,K-ATPase and tight junctions in development
Studies in the laboratory of Watson have established a critical role for Na,K-ATPase in the regulation of tight junctions during mouse development [30] . Inhibition of Na,K-ATPase by either ouabain or potassium depletion prevented the formation of functional tight junctions and increased tight junction permeability which was accompanied by a discontinuous staining pattern of ZO-1 and occludin [31] . Specific knockdown of Na, K-ATPase β 1 -subunit in mouse one-cell zygotes by an RNAi approach inhibited blastocyst formation, also accompanied by altered localization of the tight junction proteins ZO-1 and occludin [32] .
In zebra fish the α1β1 subunit of Na,K-ATPase is encoded by the heart and mind (had) locus which is required for heart morphogenesis and brain ventricle formation during embryonic development [33] [34] [35] . A recent study showed that the Had/Na, K-ATPase ion transport activity is necessary for the maintenance of apical ZO-1 junction belts during heart morphogenesis [36] .
Together these studies document the essential role of the Na, K-ATPase in the development and function of tight junctions. Part of this essential role appears to involve the intracellular ion homeostasis as necessary condition for maintaining epithelial integrity.
Septate junctions
Septate junctions in invertebrates are the functional equivalent of tight junctions in vertebrates [37] . Both are part of the paracellular transport pathway in epithelial tissues. While tight junctions appear as sites where the plasma membranes of two cells touch, septate junctions maintain a cleft of about 15 nm between the two cells. The cleft may be smooth (continuous) or bridged (pleated) with variably spaced groups of septa [38] as shown in Fig. 2 . One hypothesis views pleated regions as a barrier to the transepithelial movement of solute [39] . If this is so, then the septa must be rather dynamic, opening and closing to meet the salt and water challenges of the animal [40] . Another hypothesis poses the idea that septa bridge the cytoplasm of adjacent cells, like gap junctions [41] .
In physiological studies of transepithelial transport, the laboratory of Beyenbach has come across a highly dynamic paracellular pathway in Malpighian tubules of the yellow fever mosquito (Beyenbach, 2003 #104) . Under control conditions the isolated tubule secretes an approximately isosmotic fluid consisting largely of NaCl, KCl and water (Fig. 3a) . The secretion takes place against lumen-positive transepithelial voltages of 59 mV across an epithelium with a transepithelial resistance of 58 Ωcm 2 [42] . The cations Na + and K + are secreted into the tubule lumen against their electrochemical potentials via energy-dependent transepithelial transport pathways through principal cells of the tubule (Fig. 3a) . Significantly, transcellular active transport of Na + and K + is powered by the V-type H + ATPase and not the classical Na + /K + ATPase (Fig. 3a) .
The literature on the development of tight and septate junctions is substantial [2, 16, [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] . Upon differentiation of the epithelium some transcriptional mechanisms are probably used for the normal turnover of tight junction proteins or the remodeling of the tight junction as, for example, secretory crypt cells in the intestine become absorptive tip cells in the course of a few days [53] . In contrast, the hormone-induced, switch-like on/off behavior of the Cl − conductance observed in septate junctions of Malpighian tubules must reflect post-translational modifications (Fig. 3) . The conformational change of a septate junction protein that brings about the sudden increase in the paracellular Cl − conductance may be particularly well developed in the female mosquito challenged by the enormous salt and water load of the blood meal. The smaller the animal, the greater the threat of desiccation. The threat of desiccation is opposed by a moderately tight renal epithelium (the Malpighian tubule) that serves the conservation of body fluids. Here, septate junctions have primarily a barrier function, and secondarily a permeation function for the homeostatic turnover of the extracellular fluid compartment (Fig. 3a) . However, after the mosquito has ingested a volume of blood ten times her own body weight, a leaky epithelium with a high paracellular Cl − conductance is useful in the elimination of the unwanted salt and water fraction of the blood meal (Fig. 3b) . Indeed, the high rates of isosmotic NaCl and KCl secretion by Malpighian tubules stimulated with the diuretic peptide leucokinin, reflect the wide functional dynamic range of the septate junction. The gene for the Na/K ATPase is present in the yellow fever mosquito, however the enzyme activity (ATP hydrolysis) is not detected in Malpighian tubules [54] . What is more, the diuretic hormone leucokinin continues to increase the Cl − conductance of the paracellular pathway during metabolic inhibition with cyanide, when the cytoplasmic ATP has dropped from 0.9 mM to 0.08 mM in Malpighian tubules [55] . Apparently, enzyme activity of the Na/K ATPase and normal ATP concentrations are not required for mediating the sudden, switch-like increase in paracellular Cl − conductance upon stimulation by leucokinin (Fig. 3b) . If the Na/K ATPase is expressed in Malpighian tubules of the yellow fever mosquito, then it may have ATP-and transport-independent functions, as also suggested by recent studies in Drosophila septate junctions [56, 57] .
In Drosophila, both α-(ATPα) and β-(NRV2) subunits of the sodium pump are concentrated at the septate junctions. Mutations in either one of these genes are associated with a structural loss of septate junctions accompanied by the disruption of the paracellular barrier of the embryonic salivary gland. The two subunits of the Na/K ATPase are part of a protein complex consisting of Coracle, Neurexin, Gliotactin, and Neuroglian localized to the septate junctions [58] . Besides the salivary gland, Na,K-ATPase was also found to be essential for septate junction formation and function in epithelia from Drosophila trachea and epidermis and in the control of the tube-size of the trachea [59] . In a later study, the formation of septate junctions and the diameter of the tubes was found to be independent of the pump function of the Na,K-ATPase [57] .
The proteins forming and associated with septate and tight junctions are remarkably conserved considering that insects and vertebrates last shared a common ancestor at least 600 million years ago [60] . Table 1 lists some of the junctional proteins that are thought to define the permselectivity of the paracellular transport pathway. These can broadly be grouped into a) transmembrane proteins that may define the barrier/permselectivity/ conductance properties of the paracellular pathway, and b) cytoplasmic proteins that structurally and functionally link these integral membrane proteins to the cytoskeleton, to signal pathways to and from the junction, and to the nucleus.
The most significant advance in understanding how ions pass through tight junction was made when the laboratory of Lifton discovered by positional cloning mutations in paracellin-1 (claudin-16), that render the tight junction of the human thick ascending limb of the Loop of Henle permeable to Mg 2+ [61] . This manifests itself in the profound Mg 2+ wasting in the autosomal recessive disease of familial renal hypomagnesamia. Mutational analysis of the extracellular domain of claudin-4 and-15 supported a model in which claudins act as chargeselective channels in the paracellular space [62] . As to gating such an extracellular ion pore, the conformational change of claudin consequent to phosphorylation and dephosphorylation can be imagined to change the charge/size selectivity filter to yield ion-permeable and -impermeable states. Alternatively, a conformational change could turn an aqueous route with low conductance for Cl − under control conditions to an ionic route with high Cl − conductance in the presence of the diuretic hormone leucokinin (Fig. 3) . Significantly, two claudin-like proteins, sinuous and megatrachea, have been localized at the septate junction in insect epithelia suggesting that septate and tight junctions may have a common molecular basis [63, 64] .
A conserved role for the Na,K-ATPase in tight junctions
The recent flurry of papers on the role of Na,K-ATPase in tight and septate junction structure and function demonstrates that Na,K-ATPase has a conserved role in regulating junctions in vertebrates and insects. The next step will be to decipher how the signals from this ion transporter are transmitted in order to regulate the structure and function of junctions. We can envision that the Na,K-ATPase enzyme activity and the associated intracellular ion homeostasis might target the phosphorylation status of key tight junction protein/s leading to alteration in tight junction permeability. In addition, Na,K-ATPase subunits by themselves, either α or β or both together, independent of the enzyme's ion transport function might regulate tight junctions by direct or indirect association with tight junction proteins. However, in the light of the recent studies, it is quite possible that both enzyme activity and subunit interactions are involved in the regulation of tight junction function.
Experimental evidence suggests that the Na,K-ATPase α-subunit associates with signaling molecules such as IPR1/3 [65] , the p85 subunit of phosphatidylinositol-3-kinase [66, 67] , PP2A [27, 29] , Src [68] and PLC-γ1 [65] . The Na,K-ATPase β-subunit subunit binds to annexin II [66] and PP2A [27] . By forming a multiprotein complex with these signaling molecules and the actin cytoskeleton, directly via the α-subunit/ankyrin/spectrin [69, 70] and indirectly via the β-subunit/annexin II [66] complex, the Na,K-ATPase could either facilitate the formation of or function itself as a scaffolding platform for cell signaling in the vicinity of tight junctions (Fig. 4) . Indeed, PP2A [28] , annexin II [71] and the Na,K-ATPase β-subunit [27] all have been found localized to tight junctions. This signaling scaffolding complex might sense changes in the intracellular ionic milieu, probably changes in Na + concentrations to modulate tight junction structure and function in response. Whether the Na,K-ATPase in this complex is enzymatically active or whether it serves as an independent pool in the role of a signaling molecule rather than an ion transporter, remains to be determined. Such a "nonpumping" pool has recently been identified in LLC-PK1 cells, a porcine kidney proximal tubule cell line that forms tight junctions [72] . The α-subunit of the Na,K-ATPase has at least three binding sites for phosphates, that could serve as a local phosphate donor/acceptor. Physically associated with other junctional proteins, the α-subunit could donate phosphate to or receive phosphate from junctional proteins locally, in order to regulate tight junction permeability, independently of the cytoplasmic phosphate and ATP concentrations.
Other channels and transporters associated with and/or regulating tight junctions and paracellular permeability
Next to the Na,K-ATPase several channels and ion transporters have been implicated in the regulation of TJ permeability. Some of these are described below.
Na + -glucose cotransport and other Na + -nutrient transporters
In both small intestine and renal tubules, the absorption of nutrients and water are critically dependent on the intact epithelium. While a substantial amount of absorption occurs via active epithelial transport, it has been suggested that paracellular glucose transport could modulate transcellular nutrient absorption [73, 74] . The paracellular glucose transport is probably the best-described coupling between an apical transporter and paracellular permeability.
SGLT-1
SGLT-1, found in intestinal enterocytes and in the late proximal tubule of the kidney, is a Na + -glucose co-transporter belonging to the SLC5 gene family, a sodium/glucose cotransporter family with 220 or more members in animals and bacteria [75] . Glucose and Na + enter the cells together via the apical SGLT using the potential energy inherent in the Na + gradient across the cell membrane. On the transcellular route, glucose exits the cell across the basolateral membrane via the glucose transporter GLUT2 or by exocytosis, and Na + is pumped out of the cell via the basolateral Na,K-ATPase. However, apical glucose uptake through SGLT-1 also induced a drop in TER [76, 77] and increased the flux of small molecules through small paracellular pores. The Na + -glucose cotransport-dependent regulation of paracellular permeability has not only been described in vivo in rats and in cultures of Caco-2 cells [78] but also in healthy human subjects [79] . In mucosal sheets of mammalian small intestinal epithelium, reduced TER in cells with increased glucose uptake was accompanied by the localized disruption of the tight junction strands and the condensation of the microfilaments within the perijunctional actomyosin ring [76, 80] . In addition, immunoelectron microscopy revealed a spatial dissociation between ZO-1 and the morphologically identified tight junctions [81] .
The changes in paracellular permeability and tight junction morphology in the presence of active Na + -glucose cotransport were associated with increased phosphorylation of the perijunctional myosin II regulatory light chain (MLC) [78, 82] . Activation of the regulatory MLC acts as a biochemical marker of actomyosin contraction as phosphorylated myosin associated with actin induces filament sliding and contraction [83] . While MLC phosphorylation upon expression of constitutively active MLC kinase resulted in the redistribution of ZO-1 and occludin and in increased tight junction permeability quantitatively similar to those following Na + -glucose cotransport [84] , the connection between Na + -glucose cotransport and MLC phosphorylation remains to be determined [12] .
Na
+ /H + exchanger NHE3 Transepithelial transport of glucose through SGLT-1 results in net Na + and glucose absorption, but is also accompanied by Cl − , HCO 3 − and water uptake into the epithelial cell. The resulting mild cytoplasmic alkalinization and cell swelling upon activation of the SGLT-1 Na + -glucose cotransport results in activation of the apical NHE 3 Na + /H + exchanger as a regulatory response. Indeed, the inhibition of Na + /H + exchange by amiloride in Caco-2 monolayers resulted in an increase of TER and decreased MLC phosphorylation [85] . However, in these studies NHE 3 did not influence basal TER in the absence of active SGLT-1, suggesting that NHE 3 -mediated Na + /H + exchange and Na + -glucose transport pathways may interact in regulating paracellular permeability.
K
+ -ATP channels K + -ATP channels are ATP-sensitive K + channels that are widely distributed throughout mammalian tissues and play important roles in coupling cell metabolic status to electrical activity [86] . K + -ATP channels are protein complexes composed of the Kir6.0 subunit (a member of the inwardly rectifying K + channel subfamily Kir6.0) and the sulfonylurea receptor (SUR) subunit (a member of the ATP-binding cassette (ABC) superfamily). Kir6/SUR complexes are known to be involved in the regulation of the gap junction permeability [87] . Recent studies suggested an additional role in the regulation of epithelial tight junction permeability [88] . Kir6.1/SUR2A complexes are restricted to tight junctions in human gastric mucosa and coimmuno-precipitate and colocalize with occludin in the liver [88] . In rat small intestine tolbutamide, a blocker of the SUR component of the Kir6 ion channel permeability, provoked an increase in tight junction permeability, whereas the activation of SUR with diazoxide resulted in decreased paracellular permeability. Whether the paracellular permeability changes mediated by the K + -ATP channel are associated with changes in cellular energy status remains to be determined.
Chloride channels
Anion channels allow the diffusion of negatively charged ions along their electrochemical gradient. They are often called chloride channels since chloride is the most abundant anion in organisms. Nevertheless these channels may conduct other ions, sometimes even better than chloride [89] . The plasma membrane chloride channels function in volume regulation and ionic homeostasis and transepithelial transport. Chloride channels might play an additional role in paracellular permeability, since some of their family members have been localized to tight junctions (see below).
ClC-2 chloride channel
ClC-2 is a member of the ClC chloride channel family and its activity is regulated by a variety of factors that include hyperpolarization, hypotonicity-induced cell swelling and low extracellular pH [89] . ClC-2 has a wide tissue distribution, with highest expression in the brain, kidney and intestine. While the ClC-2 channel is localized to the apical membrane of airway epithelial cells [90] and to the basolateral membrane in mouse colon [91] , most notable is its predominant localization to tight junctions in intestinal epithelial cells [91] and Caco-2 cells [92] . Interestingly, Moeser et al. [93] reported recently that activation of ClC-2 using lubiprostone stimulated rapid recovery of TER and significantly reduced paracellular permeability in ischemiainjured porcine intestinal mucosa. In addition, during recovery, in ischemic tissues treated with lubiprostone occludin was localized exclusively to the tight junction whereas it was diffuse in untreated tissue. However, how the unique localization of ClC-2 functions to regulate the permeability barrier of the tight junction remains to be determined [94] .
CLIC chloride intracellular channels
Chloride intracellular channels are structurally distinct from the members of the CLIC chloride channel family and are unique in being able to assume both soluble and membrane forms [95] . While recently CLIC4 has been shown to form poorly selective, redox-regulated ion channels [96] , the functions of the CLIC family members remain poorly understood. In an interesting study, Berryman and Goldenring [97] showed that in addition to its localization to the centrosome and midbody, CLIC4 colocalizes with the tight junction protein ZO-1 in the apical region of polarized epithelial cells, and was not detected on the lateral plasma membrane. Another member of the CLIC family, CLIC5 has been shown to be in a protein complex containing F-actin, ezrin, α-actinin and other proteins associated with the cortical actin cytoskeleton [98, 99] . Whether CLIC channels regulate tight junctions through regulating the cortical actin cytoskeleton, an essential component of functional tight junctions, is not known. Given CLIC's unique features as channel proteins that are both soluble and membrane bound and their possible function during mitosis and cytokinesis [97] , these channels might also be involved in the complex and poorly understood regulation of tight junctions and cell polarity during cell division.
Cystic fibrosis transmembrane conductance regulator (CFTR)
Cystic fibrosis transmembrane conductance regulator (CFTR) is a cAMP-activated chloride channel localized to the apical membrane and is expressed most prominently in cells of the intestine, airways, secretory glands, bile ducts and epididymis. While the correct apical localization of CFTR depends on its interaction with apical PDZ proteins including EBP50/ezrin [100, 101] , microscopic studies on HT-29 monolayers revealed proximity but no co-localization of CFTR with ZO-1 [102] . While the localizations of ClC-2 and CLIC-4 to tight junctions are well documented, to our knowledge, a role of CFTR in tight junction function is not known.
Non-selective cation channels of the transient receptor potential (TRP) superfamily
The superfamily of transient receptor potential (TRP) channels includes more than 20 related cation channels that may be grouped into six mammalian subfamilies (TRPA, TRPC, TRPM, TRPML, TRPP and TRPV) based on their amino acid sequence homology. TRP channels are calcium-permeable cation channels with polymodal activation properties and mediate the transmembrane flux of cations down their electrochemical gradients, thereby raising intracellular Ca 2+ and Na + concentrations and depolarizing the cell. Most TRP channels seem to be responsive to multiple distinct stimuli and they might function as cellular sensors and signal integrators (for a comprehensive review on TRP channels see [103] ).
TRPV4 and TRPV1
TRPV4 is a constitutively active Ca 2+ -permeable cation channel that can be activated by phorbol esters and endocannabinoid anandamide in addition to moderate heating and changes in extracellular osmolarity. TRPV4 can be found in many different epithelial cells that include airway epithelia, plexus choroideus, endothelial cells, keratinocytes of the skin, sweat gland, cochlear hair cells and in kidney, where it localizes to the basolateral side of water-impermeant nephron segments. Recently, it has been shown that activation of TRPV4 by phorbol ester in the mouse mammary gland cell line HC11, resulted in a TER decrease [104] . Although the initial TER decrease was due to changes in transcellular conductance, it was accompanied by a slower increase in paracellular permeability for small molecules that could be blocked by ruthenium red, a TRPV channel inhibitor. TRPV4 did not colocalize with occludin at the apical pole but was found at the lateral plasma membrane codistributing with E-cadherin. Nevertheless, activation of TRPV4 resulted in a rearrangement of the tight junction structure with break in the tight junction strands and decreases in the expression of claudins, most strikingly claudin-4.
While there is no evidence for a functional role of TRPV4 as a regulator of paracellular permeability in vivo, it has been recently reported that activation of another member of the TRPV subfamily, the capsaicin receptor TRPV1, results in the disruption of the blood-brain barrier in rats [105] . It is possible that activation of TRPV1 alters tight junction permeability of cerebrovascular cells like TRPV4.
TRPC4 and TRPC1
TRPC4, which is highly homologous to TRPC5, functions as nonselective cation channel that is activated by the Gq/11 family of GPCRs and receptor tyrosine kinases. PLC enzymatic activity and intracellular Ca 2+ are required for channel activation.
TRPC4 is widely distributed, but is highly expressed in the central nervous system. In cultured human fetal astrocytes, TRPC4 is expressed on the plasma membrane with a distinctive focal staining pattern similar to ZO-1 [106] . TRPC4 colocalized with ZO-1 in immunofluorescence and immunogold labeled cells. Further co-immunoprecipitation and GST pull-down experiments confirmed the association of TRPC4 with ZO-1 through the TRL motif of TRPC4 and the first PDZ domain of ZO-1. These molecular interactions have been suggested as part of a signaling complex at junctional sites of astrocytes involved in Ca 2+ homeostasis. In isolated and cultured lung endothelial cells from mice, thrombin exposure results in a decrease of TER. However, cells isolated from TRPC4 knockout mice lacked this response [107] . In addition, lung vascular permeability in response to thrombin did not increase in TRPC4 knockout mice to the degree observed in control mice. The intracellular Ca 2+ -influx through TRPC4 and Ca 2+ -dependent actin reorganization might be involved in regulating tight junction permeability in vivo [107] . Whether this link between thrombin, a potent proinflammatory mediator, TRPC4 and the impairment of tight junction function in chronic inflammatory disease has biological significance remains to be determined.
Although it was the first mammalian TRP channel identified, the function of TRPC1 is still enigmatic. When expressed in heteromeric complexes with TRPC3, 4, or 5, TRPC1 functions as part of a Gq/11 receptor-operated cation channel. TNF-α-induced and cDNA expression studies point to a role of TRPC1 as being a key determinant of endothelial permeability response [108] . In human artery endothelial cells (HPAEC), TNF-α exposure increases TRPC1 expression without significantly altering expression of other TRPC isoforms. Thrombin challenge in TNF-α treated HPAEC cells decreased TER to a greater extend compared to control cells. Similarly, in TRPC1 transfected HMEC cells, thrombin produced a higher decrease in TER than in control cells and the decrease persisted for a prolonged time. Therefore, not only the activity but also expression levels of TRPC channels might be important in the regulation of paracellular permeability. Thus, tight junction regulation by TRP channels is an emerging idea and should add an exciting dimension to the field.
Human ATP binding cassette (ABC) transporters
ABC (ATP binding cassette) proteins form one of the largest protein families, defined by the presence of the ABC unit with two short conserved peptide motifs involved in ATP binding (Walker A and Walker B) and a third conserved sequence, the 'ABC signature'. Most ABC proteins are membrane transporters being responsible for the translocation of various substrates, such as lipids, bile salts, toxic compounds, and peptides, across membranes. Most ABC proteins are active pumps, however, some family members are channels, such as the chloride channel CFTR and sensors, such as the sulphonylurea receptors (SUR1 and SUR2) that function as intracellular ATP sensors regulating the permeability of potassium channels (for review see [109] [110] [111] ). Although there is a wealth of knowledge on transcellular transport functions of ABC transporters, studies on a potential role in the regulation of tight junction function and paracellular permeability are still in their infancy. Only recently, the ABC transporter Mrp3, a member of the ABCC subfamily of multidrug resistance-associated proteins (MRPs), was described to be co-localized with ZO-1 in mouse choroid plexus, intestine and kidney [112] . Mrp3 is expressed in the pancreas, adrenal gland, placenta, gut, liver, kidney and prostate. It has been proposed to play a role in protecting the liver from accumulation of bile salts, which is reflected in its substrate specificity of conjugated bile salts and monovalent bile salts such as cholate, taurocholate, and glycocholate. The significance of Mrp3 colocalization to ZO-1 is unknown. Further, it remains to be determined whether ABC transporters are as important for paracellular transport as they are for transcellular transport. It is possible that regulation of the paracellular transport requires a higher degree of transport of ions, which could explain that the best described function of an ABC transporter in this regard is the subfamily of SUR proteins that associate with the K + -ATP channel Kir6.0 subunit (see above). In addition, Mrp3 is to our knowledge the only other ABC transporter described to be localized at junctional complexes.
Aquaporins
Water transport across epithelial barriers can occur via transcellular and paracellular routes. While water can be transported by varying degrees across the membrane by co-transporters such as the Na + -glucose transporter [113] , aquaporins are capable of high rates of water transport independently of solute transport. The permeability characteristics and distribution of aquaporins in tissues reflects their role in the regulation of water homeostasis (for review see [114] ). The twelve aquaporins known to date can be divided into two groups, one whose members are only permeated by water and second, aquaglyceroporins, that are permeated by water and other small solutes, in particular glycerol. Aquaporin-5 (AQP5), a member of the first group of aquaporins, is localized to the apical plasma membrane in salivary glands, lacrimal glands, and airway epithelium, plays an important role in fluid secretion. Recently, Kawedia et al. [115] reported that the decrease in transcellular water transport by deletion of AQP5 affects paracellular permeability in parotid glands of AQP5 knockout mice. While there were only small differences in tight junction strands between control and AQP5−/− mice, a significant decrease in claudin-7 and occludin expression was observed in the knockout mice. While the molecular pathways remain elusive, these studies indicated that AQP5 could function to link paracellular and transcellular pathways. These findings also support the hypothesis that aquaporins can regulate paracellular water transport as proposed by the Hill laboratory [116, 117] as well as the Fischbarg's laboratory [118] .
Connexins
Gap junctions, composed of the channel-forming integral membrane proteins termed connexins, mediate cell-to-cell communication coordinating numerous physiological processes of multicellular systems. Connexins, of which about 20 have been identified, form intercellular protein channels between adjacent cells to allow the direct exchange of ions and small molecules important for the rapid transmission of action potentials in heart and neuronal tissues, the diffusion of metabolites and nutrients, and the diffusion of second messengers. Besides the connexinconnexin interactions to form gap junctions, diverse other proteins have been found to associate with connexins (for review see [119] [120] [121] [122] ). One of these proteins is the tight junction protein ZO-1. Interaction and/or colocalization of connexins with ZO-1 have been described for connexins Cx30, Cx31.9, Cx32, Cx36, Cx43, Cx45, Cx46, Cx47, and Cx50 (reviewed in [122] ). Cx32 has also been found to associate with ZO-2 [123] and Cx45 with ZO-3 [124] .
It is generally believed that ZO-1 could function in organizing gap junctions and/or recruiting signaling molecules that regulate gap junction intercellular communication. The fact, however, that tight junction proteins other than ZO-1 interact with connexins points to a possible role of connexins in tight junction function. Cx32 was found not only to colocalize and associate with ZO-1 and ZO-2 but also with occludin and claudin-1 [123, 125] . Cx26 interacted with the coiled-coil domain of occludin [126] , and Cx40 and Cx43 were shown to associate with occludin and claudin-5 in addition to ZO-1 [127] . In freeze fracture replica, gap junction plaques were closely associated with a well-developed network of tight junction strands in hepatocytes [123] .
Connexins are not only structurally but also functionally associated with tight junction proteins. Expression of Cx32 in the immortalized mouse hepatocyte cell line CHST8 induced the expression of the tight junction proteins such as occludin, claudin-1 and claudin-2 [125, 128] and of MAGI-1, a member of the membrane associated guanylate kinase (MAGUK) localized to tight junctions [129] . Further, Cx32 expression in mouse hepatocytes increased the number of tight junction strands [125] , accompanied by reduced paracellular permeability to inulin and mannitol [128, 129] and polarized distribution of BODIPYspingomyelin [128] . Treatment with the gap junctional intercellular communication inhibitor 18β-glycyrrhetinic acid (18β-GA), on the other hand, resulted in decreases of occludin and claudin-1 at the cell-cell border [128] . Similar, expression of Cx26 in Caco-2 cells resulted in reduced mannitol permeability, and increased TER and claudin-4 expression [130] . Inhibition of the gap junctional intercellular communication by 18β-GA abolished the effects of Cx26 expression on paracellular permeability, suggesting that the function of gap junctions also affects tight junction function. Interestingly, a subsequent study from Sawada's group [131] showed that overexpression of Cx26 in Calu-3 cells prevented the downregulation of the barrier and fence functions of tight junctions induced by the Na,K-ATPase inhibitor ouabain. Whether Na,K-ATPase functions through connexins in the regulation of tight junction function remains to be determined.
Conclusions
Tight junctions are crucial for epithelial cell functions. Depending on the extracellular and intracellular environment, epithelial cells have adopted intriguing mechanisms to rapidly change the structure and permeability of tight junctions. Although growth factors, cytokines, hormones, drugs and nutrients are described to have specific roles in the regulation of tight junction permeability, the studies described in this review strongly indicate that ions and ion transporters are also involved in the regulation of tight junction structure and functions. These transporters might function by being physically present at the junctions and modulating a local ionic milieu or changes in the ionic content of the cells might transmit signals to eventually alter tight junction structure and functions. As indicated in this review our understanding of the roles of most of the transporters in the regulation of tight junction structure and function are still in infancy and detailed future research in this area should enable us to understand the intricate mechanisms by which ions regulate tight junctions.
